Statistical analysis and modelling of the manganese cycle in the subtropical Advancetown Lake, Australia  by Bertone, Edoardo et al.
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Study  region:  Advancetown  Lake,  South-East  Queensland  (Australia).
Study  focus:  A  detailed  analysis  of  available  meteorological,  physical  and  chemical  data
(mostly coming  from  a vertical  proﬁler  remotely  collecting  data  every  3 h) was  performed  in
order to understand  and  model  the  manganese  cycle.  A one-dimensional  model  to  calculate
manganese  vertical  velocities  was  also  developed.
New hydrological  insights  for the  region:  The  soluble  manganese  concentration  in the
hypolimnion  is dominantly  dependent  on  the  dissolved  oxygen  level,  pH  and  redox
potential,  which  determine  the speed  of  the  biogeochemical  reactions  between  different
manganese  oxidation  states.  In contrast,  the  manganese  level  in  the  epilimnion  is  mainly
affected  by  the  transport  processes  from  the hypolimnion  and thus  to  the  strength  of  the
thermal  stratiﬁcation,  with  high  concentrations  recorded  solely  during  the  winter  lake  cir-
culation  and  wind  playing  only  a minor  role.  The value  of  the  peak  concentration  was  found
to be  proportional  to the  amount  of manganese  in  the hypolimnion  and  to the  temperature
of  the  water  column  at the  beginning  of  the  circulation  period.  In case  of  partial  circu-
lation  only,  a very  high  peak  is  espected  during  the next  full winter  turnover.  This  issue
will  increase  in the  future  due  to  global  warming  and  increased  number  of years  with  par-
tial circulations  only.  These  ﬁndings  provide  water  authorities  with  increased  manganese
predictive  power  and  thus  proactive  water  treatment  management  strategies.
©  2016  Published  by Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. Introduction
.1. Manganese and water treatment
The chemical element manganese (Mn) comprises 0.1 per cent of the Earth’s crust (Emsley, 2001) and it can be observed
n oxidation states ranging from −3 to +7. The most stable valence states are +2 and +4; hence the most naturally occurring
n forms are dissolved Mn(II) and particulate Mn(IV) (Kohl and Medlar, 2007). In lakes and reservoirs, Mn  can be present
n both soluble and insoluble forms; its production, suspension, precipitation, mixing and interactions with other elements
re complex and generally ruled by factors such as pH, redox potential (ORP), dissolved oxygen (DO) and level of turbulence.
Abbreviations: BoM, Australian Bureau of Meteorology; DERM, Department of Energy and Resources Management of the Queensland Government; DO,
issolved Oxygen; Mn,  manganese; ORP, redox potential; VPS, vertical proﬁling system.
∗ Corresponding author.
E-mail address: h.zhang@grifﬁth.edu.au (H. Zhang).
http://dx.doi.org/10.1016/j.ejrh.2016.09.002
214-5818/© 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
d/4.0/).
70 E. Bertone et al. / Journal of Hydrology: Regional Studies 8 (2016) 69–81Fig. 1. Schematization of the Mn cycle in a reservoir: green connections: increase in x increases y; red connections: increase in x decreases y; dashed
connections: processes affecting lake circulation; upper box: epilimnion; lower box: hypolimnion; rectangles: variables part of the cycle; ovals: external
inputs; (1): lake turnover; (2): Mn  precipitation; (3): Mn oxidation; (4) Mn reduction.
It has been found that Mn  can potentially cause decreased IQ and neurotoxic issues at high levels (Khan et al., 2012). The
Mn concentration levels in drinking water, despite being typically too low to cause health issues (although values above
World Health Organisation’s drinking water limits can be recorded in groundwater, see Homoncik et al., 2010), can cause
aesthetical problems such as black or brown colouring or, with even higher levels, a metallic taste (Raveendraan et al., 2001).
Typical standards (such as that ﬁxed by the United States Environmental Protection Agency) for soluble Mn  are 0.05 mg/L;
however, recently, some water utilities have been targeting 0.015 − 0.2 mg/L to avoid any customer complaints (Kohl and
Medlar, 2007), and Seqwater (the water authority that manages Advancetown Lake) require treated water manganese to be
<0.02 mg/L.
A better understanding of the Mn  cycle and the variables affecting it would allow the water authority to manage Mn
treatment more efﬁciently. Although many experiments have been conducted to examine the importance of single variables
such as pH or ORP, only few studies (e.g., Johnson et al., 1991) have taken into account the overall process. Remarkably, to
the authors’ knowledge, limited studies have quantitatively analysed the Mn  behaviour during the lake natural destratiﬁ-
cation that, in monomictic lakes such as Advancetown Lake, usually occurs once per year. This event dramatically changes
the lake structure, leading to an even distribution of physical and chemical parameters (Nürnberg, 1988). For this study,
after an extensive data collection from several sources and over several years, the overall Mn  cycle for Advancetown Lake
was analysed and the main variables affecting it were detected during both the stratiﬁed and the circulating (destratiﬁed)
periods. Although the study is limited to Advancetown Lake, it provides a general assessment of Mn  behaviour in subtropical
monomictic lakes, focusing especially on understanding and predicting the timing and peak concentrations during winter
circulations.
1.2. Manganese cycle: biogeochemistry
The key processes involved in a lake’s Mn  cycle are summarised in Fig. 1. During the stratiﬁcation season, there are evident
differences in Mn  concentration between the epilimnion and the hypolimnion. In the epilimnion, the incident radiation
allows photosynthesis to occur and the level of DO is high, although higher water temperatures decrease its solubility. The
presence of algae also means higher pH because of the removal, through photosynthetic assimilation, of acidic CO2 forms
such as HCO3− (Dubinsky and Rotem, 1974). Under these conditions, the soluble Mn  is oxidised (Stumm and Morgan, 1981)
into insoluble forms such as Mn  dioxide, which precipitates downwards into the hypolimnion.
This reaction is slow for pH lower than 8.5/9 (Howe et al., 2004; Johnson et al., 1995) but with high water temperatures
(with an optimum at 30 ◦C), bacteria play a central role in the oxidation reaction, making the reaction much faster (Johnson
et al., 1995). The occurrence of Mn  is largely dependent on two  groups of bacteria: oxidising bacteria (which convert soluble
E. Bertone et al. / Journal of Hydrology: Regional Studies 8 (2016) 69–81 71
M
s
p
o
a
2
B
M
p
T
t
s
O
a
1
p
M
A
t
(
c
o
a
o
a
r
2
2
Q
iFig. 2. Advancetown Lake mp (from Google map).
n(II) into particulate Mn(IV)) and reducing bacteria (which provoke the opposite reaction), with the direction of the cycling
trictly related to the DO level (Kohl and Medlar, 2007).
In conclusion, soluble Mn  in the epilimnion is usually low, and insoluble Mn,  since it quickly precipitates, is typically
resent in small amounts. In the colder hypolimnion, light cannot penetrate and algae can neither develop nor produce
xygen through photosynthesis. Therefore, unlike the epilimnion, under stratiﬁed conditions the bottom waters are typically
cidic (because acidic CO2 forms are not assimilated) and contain low or no DO for bacteria respiration.
When oxygen levels are depleted, bacteria obtain the oxygen they need through denitriﬁcation (Tundisi and Matsumura,
011) and later through Mn  reduction (Engebrigsten, 2010), thus forming and releasing dissolved Mn(II) in the water column.
oth the low pH (Calmano et al., 1993) and the anoxic conditions (Chiswell and Huang, 2003) are considered important for
n reduction. Carlson et al. (1997) found that, for a particular reservoir, when the DO level was <3 mg/L, dissolved Mn  was
resent, and when the level fell below 2 mg/L, the Mn  concentration increased, mainly due to release from the sediments.
he Mn  oxides mainly come from the bottom of the reservoir or suspended sediments, by precipitation from the epilimnion
hrough the rivers, or groundwater (Kohl and Medlar, 2007; Tundisi and Matsumura, 2011). Hence, during stratiﬁcation, the
oluble Mn  level in the hypolimnion gradually increases, with molecules diffusing throughout the hypolimnetic volume.
nce the molecules reach the border with the epilimnion, the diffusion cannot go any further because of different densities
nd properties (e.g., high levels of DO and pH).
.3. Mn  cycle: transport processes
The biogeochemical reactions predominantly control the Mn  cycle under stratiﬁed conditions only, when the transport
rocesses are limited. Previous studies (Howard and Chisholm, 1975) have recorded a continuous and consistent increase in
n in the bottom water after stratiﬁcation, reaching its maximum immediately before the subsequent overturn of the lake.
s soon as the overturn occurs and free circulation begins, Mn  from the bottom water is mixed and transported throughout
he water column. This process creates a temporary escalation in the concentatration of soluble Mn  in the upper waters
Calmano et al., 1993). After this, the Mn  load is usually low during the destratiﬁed period; an elimination of reduced
ompounds from the hypolimnion can occur in just a few days (Macdonald, 1995). This occurs because, with the breakdown
f the temperature gradient allowing better water circulation and mixing, the water masses—particularly the hypolimnetic
noxic ones—become more oxygenated. The great amount of soluble Mn  stored in these deep layers, through the introduction
f oxygen, is quickly oxidised to insoluble oxides, which then precipitate and accumulate in the bottom sediments (Dojlido
nd Best, 1993). The remaining Mn  that could not precipitate quickly enough is washed away with the outﬂow and not
eplaced quickly, as there is no reduction from the sediments because of the high temporary oxygen concentration.
. Material and methods
.1. Research domain and collected dataAdvancetown Lake (Fig. 2), also called Hinze Dam (153.28◦E, 28.06◦S), is a subtropical reservoir located in South-east
ueensland, Australia. It supplies most of the water provided to the Gold Coast region. The dam was originally constructed
n 1976 immediately downstream of the conﬂuence between the Nerang River and the Little Nerang Creek, creating a storage
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Table  1
sources and features of the available data.
Variable Source Method Frequency Period
Colour (true, apparent)
Seqwater
Water sampling Weekly 2000–2011
Manganese (soluble, total) Water sampling Weekly 2000–2013
Iron  (soluble, total) Water sampling Monthly 2000–2011
Nitrogen (total, oxidised) Water sampling Monthly 2000–2011
Phosphorus (total) Water sampling Monthly 2000–2011
Phosphorus (orthophosphate) Water sampling Monthly 2000–2008
Algal  count Water sampling Weekly 2000–2012
Outﬂow Measurement Daily 2008–2012
DO  (total,%)
Seqwater
and VPS
Water sampling, VPSc Weekly, 3-Hourly 2000–2012
Water temperature Water sampling, VPSc Weekly, 3-Hourly 2000–2012
Redox  potential Water sampling, VPSc Weekly, 3-Hourly 2000–2012
Turbidity Water sampling, VPSc Weekly, 3-Hourly 2008–2012
pH  Water sampling, VPSc Weekly, 3-Hourly 2000–2012
Conductivity VPSc 3-Hourly 2008–2013
Chlorophyll-a VPSc 3-Hourly 2008–2013
Blue-green algae VPSc 3-Hourly 2008–2013
Air  temperature VPSc 3-Hourly 2008–2013
Wind  speed and direction VPSc 3-Hourly 2008–2013
BoMa
Data with fee Daily 2000–2012
Relative humidity Data with fee Daily 2000–2012
Cloud  cover Data with fee Daily 2000–2012
Air  temperature (max, min) Free data Daily 2000–2013
Solar  radiation Free data Daily 2000–2013
Rainfall Free data Daily 2000–2013
Inﬂow  DERMb Free data Daily 2007–2012
a Australian Bureau of Meteorology.
b Department of Energy and Resources Management, Queensland Government.
c Vertical Proﬁling System, Advancetown Lake.
capacity of 42,400 ML.  However, two subsequent upgrades (the last one, ‘Stage 3′, completed in 2011) raised its capacity to
the current 310,730 ML  with an average depth of 32 m.  The surface area is 9.72 km2 while the catchment area covers 207 km2,
including the Springbrook Plateau and Numinbah Valley, and is mostly contained within state forests and national parks.
An intake tower located next to the dam draws water from the most convenient depth at ﬁve-metre intervals, redirecting it
to the closest treatment plant, situated 10 km north-east of the reservoir.
Currently, water quality is primarily monitored through laboratory analysis of manually collected, weekly water samples.
Nevertheless, in 2008, an in-situ Vertical Proﬁling System (VPS) was  installed. The VPS consists of a YSI sonde attached by a
cable to a ﬂoating buoy that is automatically winched up and down the water column to collect water quality parameters
such as temperature, DO, pH, conductivity, ORP and turbidity. Collected data for the whole proﬁle is transmitted via telemetry
every three hours. The VPS, which is positioned near the intake tower (see green point A in Fig. 2), is also near the location of
the weekly water samplings; although the average depth of the reservoir at full capacity is 32 m,  the sampling site is more
than 50 m deep.
Seqwater, the bulk water authority in South-east Queensland, provided historical physical and chemical data for Advance-
town Lake, collected both through water samplings and by the VPS. Manual water samplings have a weekly frequency while
the VPS collected full water column data every three hours. VPS data were available since VPS installation (2008), while
several manual samplings data were available since 2000. Other parameters were collected from the Australian Bureau of
Meteorology (BoM) and the Department of Energy and Resources Management of the Queensland Government (DERM).
Table 1 provides a list of the available data.
The data collected manually were limited to a depth of 24 m.  This was  found to be a minor problem for many physical
parameters (VPS data showed little variation below 24 m),  but extra Mn  samplings were collected during the 2013 and
2014 winter circulations from a depth of 0 m to 45m, 2 or 3 times per week, to better understand the mixing behaviour
of the reservoir. Since no signiﬁcant intra-daily variations were noticed, daily data was chosen as the ideal frequency for
this analysis. As the manual samplings were taken at 9 a.m., VPS data were considered at the same time, for consistency.
Interpolation of higher frequencies data was performed.
Analysis of the collected data was performed. First, statistical analyses were undertaken in order to detect the presence of
nonlinearities, nonnormalities and other forms of complexities. A detailed list of the statistical tests performed is available
in Bertone et al. (2015). These tests help in quantifying the statistical features of the data. They were performed on the
time series of each available chemical, physical or meteorological variable and most of them appeared to be nonnormal and
nonlinear, and often bimodal.Second, algorithms performing multiple linear and nonlinear regression analyses were applied in order to ﬁnd correlations
between Mn  concentrations and possible physical and chemical input candidates, as detailed in Bertone et al. (2015).
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.2. Manganese mixing dynamics assessment
Since Advancetown Lake’s residence time is relatively long (920 days before the 2011 upgrade), due primarily to its
igh volume and relatively low discharge rate, the horizontal velocities of the reservoir are low. As a consequence, the
alculation of vertical velocities and diffusivity coefﬁcients related to the soluble Mn  could be performed through the use of
 one-dimensional time-dependent model consisting of systems of simpliﬁed advection-diffusion equations for Mn  transfer,
here the source − sink term is ignored (since Mn data coming from inﬂows and outﬂows were not available). The general
quation for Mn  transport, modiﬁed from Johnson et al. (1991), is:
∂Mn
∂t
= D(t, z)∂
2
Mn
∂z2
− w(t, z)∂Mn
∂z
+ F
A
∂A
∂z
− kMn (1)
here:
Mn  is the soluble Mn  concentration
D(t, z) is the vertical diffusivity of layer z at time t
w(t, z) is the vertical velocity of layer z at time t
F is the sediment ﬂux of soluble Mn,  depending on a threshold oxygen concentration
A is the lake cross-section
k is the oxidation rate of soluble Mn  to Mn  oxide, depending on another threshold oxygen concentration.
The third term was ignored since limited sediment data were available. However, those data showed how the sediment
ontribution can be disregarded since it is small; additionally, since data were usually collected only in the top 24m, the
ediments do not represent a boundary condition for the system.
Mn oxidation by oxygen is typically extremely slow (in the order of 1019–1021 M−4d−1, see Johnson et al., 1991) if
ompared with the ﬁrst two terms, particularly during the critical winter lake circulation period. Additionally, the oxidation
ate exponentially decreases with decreasing pH (Hem, 1963), with relatively high values only for pH above 9, which are
xtremely atypical for our case study (acidic hypolimnion, epilimnetic pH of typically 7 to 8). Hence, it was  decided to also
gnore the fourth term in order to simplify the equation and focus on calculating velocities and diffusivities, which are of
igher importance. In order to do this, the ﬁnite difference method was deployed, as described in Bertone et al. (2015). The
4 m water column which was being continuously sampled (i.e., 3 hourly data recording intervals) by the VPS, and provided
ertical resolution data of z  = 3 m (i.e., 9 layers of 3 m).  The frequency of the manually completed laboratory tested water
amplings was weekly, which was understandably much less frequent than the automated VPS data collection sequence.
owever, through data interpolation, a frequency of Mn  concentration data could be formulated which was compatible with
hat provided by the VPS data, thus enabling the later described numerical modelling to be conducted.
Additionally, to better highlight the mixing dynamics, the thermocline, oxycline and ‘mangancline’, which are respectively
he depths with the maximum gradient of temperature ∂T
∂z
, DO concentration ∂DO
∂z
and soluble Mn  concentration, ∂Mn
∂z
were
alculated over time and represented graphically. Since they are typically located within the most turbulent water layer,
tudying their variation over time and the relative location among them will help to increase the understanding of turbulence
echanisms and particularly the transport processes between the epilimnion and hypolimnion.
. Results and discussion
.1. Seasonal variations of Mn  cycle
Recent studies (Bertone et al., 2015) showed that Advancetown Lake is typically thermally stratiﬁed from September
o April − May, while during the winter months (May to August), the mixing and transport processes become faster and
tronger because of the lake circulation. These mixing dynamics also affect the Mn  seasonal cycle. Fig. 3a shows the soluble
n concentrations in the top 24 m of the dam for the period 2008–12. The increase in the dam volume during summer
012, due to above-average rainfall, is noteworthy. It is evident that soluble Mn  (mainly Mn2+) values in the epilimnion
which, during the stratiﬁcation season, includes the ﬁrst 6 m of this dam) are close to zero during stratiﬁcation, and become
igher only during winter circulation, when a uniform distribution is achieved. This is made clearer in Fig. 4, which shows
he soluble Mn  concentrations from 0 to 24 m taken at one-week intervals during a typical turnover event. As expected,
t the onset of the lake circulation, Mn  concentrations in the hypolimnion are high, with an evident gradient at around
5–18 m.  Then, because of the mixing of waters, part of that Mn  is able to reach the top layers, causing a clear reduction of
oncentration in the hypolimnion and an increase in the epilimnion. With the onset of the new stratiﬁcation, the soluble Mn
n the epilimnion is oxidised (into mainly MnO2), while in the hypolimnion, the newly formed reducing conditions allow
he beginning of a new production cycle.
These considerations are conﬁrmed in Fig. 5, which illustrates typical vertical velocities proﬁles w(t,z) due to advection
or soluble Mn  calculated from Eq. (1) using the method illustrated in Bertone et al. (2015). The ﬁgure shows how the
ransport processes are very slow during spring and summer, when velocities in the epilimnion are close to zero, as the
n concentration is always very low; in contrast, in the hypolimnion, there is a slightly faster movement upwards, since
he velocities are negative. However, during the lake circulation, the entire water column typically shows negative higher
elocities, clearly representing the transport of soluble Mn  in the shallower layers of the reservoir. This indicates that
74 E. Bertone et al. / Journal of Hydrology: Regional Studies 8 (2016) 69–81Fig. 3. Colour map  of: (a) soluble Mn [mg/L]; (b) pH; and (c) DO [mg/L] for the top 24 m, related to the evolving reservoir’s elevation; white colour: no data
information.
during the lake circulation, the turbulence and the transport of Mn  are much higher and faster than during the rest of the
year when, due to an increasingly stable stratiﬁcation, the transport is limited. These results validate an aligned physical
modelling study recently completed by the authors (Bertone et al., 2015) that provided strong evidence that the level of
turbulence in Advancetown Lake is much higher during winter circulation.
It is noteworthy that the thermal stratiﬁcation does not perfectly match the chemical one. Fig. 6 shows how, for long
periods of the year, the oxycline is shallower than the thermocline; conversely, the mangancline is deeper. Hence, although
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Fig. 4. Soluble Mn vertical proﬁle concentrations, June 2011, Advancetown Lake.
Fig. 5. Typical vertical velocities proﬁles, Advancetown Lake.
Fig. 6. Maximum gradient of temperature, DO and Mn  concentration, i.e. thermocline, oxycline and “mangancline” locations, 2008–2012‘.
76 E. Bertone et al. / Journal of Hydrology: Regional Studies 8 (2016) 69–81Fig. 7. Smoothed ORP time series for the epilimnion (0–6 m),  9 m depth, and hypolimnion (12–24 m), VPS dataset.
the layers adjacent to the thermocline have different physical properties and seem not to mix, the chemistry of the whole
metalimnion is heterogeneous and each element presents its own distribution, ruled by different biochemical cycles. As
a consequence, the researcher must keep in mind that layers immediately above the thermocline could be unexpectedly
anoxic. Alternatively, these ﬁndings demonstrate that, during summer stratiﬁcation, when the thermocline lays some metres
above the mangancline, there is a layer below the thermocline where the soluble Mn  concentration remains as low as in the
epilimnion. Thus, local sporadic extreme weather events (e.g., heavy rain or strong winds), which can mix  the surface waters
and push the thermocline down, do not seem to affect the Mn  concentration in the epilimnion, since the created turbulence
would need to affect much deeper waters to involve layers with high Mn  loads in the mixing process.
3.2. Impact of DO, pH, ORP and rain
From Fig. 3a, it is evident that the level of soluble Mn  in the hypolimnion (i.e., from about 12 m downwards) gradually
increases during the stratiﬁcation months (especially from December, when DO is almost completely depleted, to May). The
increase in concentration is caused by reduction reactions from the sediments (bottom and suspended). In Fig. 3b and c,
which show the pH and DO levels of the dam, it is evident that the hypolimnion during stratiﬁcation is acidic and anoxic,
which represents a highly reducing environment.
Further, Fig. 8 shows that suspended insoluble Mn  (MnO2 mainly) is present only during and immediately after the lake
circulation, when oxygen can reach greater depths and oxidise the soluble Mn.  After this, the concentration of insoluble Mn
Fig. 8. Soluble and insoluble hypolimnetic Mn  (12–24 m) and river discharge, Advancetown Lake, 2008–2012.
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s rapidly depleted and almost all of it becomes soluble. The lack of suspended insoluble Mn  during stratiﬁcation leads to
he conclusion that most of the soluble Mn,  which gradually increases in concentration over time, comes through reduction
rom the bottom sediments.
Although previous studies (e.g., Zaw and Chiswell, 1999) proved that heavy rain and related high discharge can bring
igh Mn  concentrations, Fig. 8 demonstrates that, during summer extreme events, the Mn  concentration in the hypolimnion
ecreased rather than increased in value. This could be explained by the river introducing well-oxygenated waters into the
ypolimnion, rather than bringing high Mn  loads, causing the oxidation of an amount of soluble Mn  that was  previously
roduced. From Fig. 3a, it is evident that the epilimnetic Mn  concentration is not affected either, since high values are
ecorded only during winter.
It is not only pH and DO that play an important role in the Mn  cycle; ORP is also vital. In Fig. 7, it is evident that the ORP
n the hypolimnion usually decreases during summer and autumn to become negative, reducing values, thereby boosting
he Mn  reduction process. Interestingly, during 2012 (i.e., immediately after the ‘Stage 3′ upgrade was  completed and the
olume increased), the ORP did not drop below zero. As a consequence, the soluble Mn  production was  limited (see Fig. 3a).
.3. Turnover events and peak concentrations
Fig. 9 shows the soluble Mn  in the surface waters over the 2000–2012 period. As expected, the peak values are due to
he lake turnover during winter. Unexpectedly, the peak concentration in the epilimnion is not directly proportional to the
n present underneath. For instance, Fig. 3a shows that in 2012, the concentration in the hypolimnion was  low (perhaps
ecause of higher volume and thus more dilution), but the epilimnetic peak had a similar value to previous years. This could
e explained by the lack of data below 24 m,  resulting in only partial information about the hypolimnetic concentrations.
lso, horizontal intrusions have not been included in the modelling since only 1-D data was available; however this factor
s not likely to be critical since the horizontal velocities are limited due to the high residence time. Despite these study
imitations, the data and analysis procedures were sufﬁcient to determine that the percentage of hypolimnetic Mn  able to
each the epilimnion during the turnover event (Mnep/Mnhyp) was  proportional to the water column temperature at the
nset of the lake circulation (Tw, see Fig. 10; it must be noticed that, prior VPS installation, only samplings from 0 to 24 m
epth were taken, hence it is assumed that at the onset of the circulation, the temperature of the waters below 24 m is
he same of the layer above, even though very small gradients might have been still present). Since mixing processes such
s turbulent diffusion are stronger with higher temperatures, lake circulations that occurred with warmer waters brought
ore soluble Mn  to the surface layers.
Interestingly, a higher correlation (R2 = 0.70) between the aforementioned variables was  found by considering only the
ost recent years. It must be remembered that, because of the Stage 3 dam upgrade construction, the reservoir has dramat-
cally changed over the last few years, affecting the previously well-established chemical and physical equilibriums; for this
eason, limiting the analysis to the most recent years could provide more trustworthy relationships. A reliable assessment
f the importance of the reservoir’s depth was not completed because of the lack of Mn  data below 24 m.  A good correlation
as found between the percentage of soluble hypolimnetic Mn  going to the epilimnion and the Julian day of the commence-
ent of the turnover event (considered as the ﬁrst day when soluble Mn  in the epilimnion is higher than 0.02 mg/L). This
as expected, since an early turnover is usually related to high water column temperatures; hence, the two  different inputs
onsidered for predicting the percentage of hypolimnetic Mn  going to the epilimnion (i.e., water column temperature and
ulian day of the beginning of the turnover event) are directly correlated.
Fig. 11 plots the epilimnetic Mn  peaks together with the depth-averaged water temperature at layers 0–6 m, 6–12 m and
2–24 m.  It is evident that there is a strong relationship (except for a small discrepancy in winter 2010) between the gradient
78 E. Bertone et al. / Journal of Hydrology: Regional Studies 8 (2016) 69–81Fig. 10. Relationship between percentage of hypolimnetic Mn going to the epilimnion during the turnover (Mnep/Mnhyp) and water column temperature
(Tw) at the onset of the turnover, Advancetown Lake, 2000–2012.
of water temperature and peak in Mn;  when the gradient of temperature (and, in turn, density) is broken, waters are free to
circulate and bring nutrients into the epilimnion.
Scatter plot analysis revealed a relationship between Mn  and water temperature but this was not conﬁrmed as a statis-
tically signiﬁcant linear relationship. However, a signiﬁcant non-linear correlation existed between these two  variables. As
a consequence of this assessment, several nonlinear transformations of the water column temperature differential (see Eq.
(2)) were performed, in order to ﬁnd the transformation yielding the highest correlation with epilimnetic Mn:
Tw(t) = (Tw,surf (t) − Tw,bot(t))/zres(t) (2)
where:
Tw,surf (t)= water temperature at the reservoir surface at time t [◦C]
Tw,bot(t)= water temperature at the bottom of the reservoir at time t [◦C]
zres(t)= depth of the reservoir at time t [m].
The hyperbolic transformation described in Eq. (3) had the highest correlation with Mn  concentrations in the epilimnion:
hypTw(t) = (1 + Tw(t))−3 (3)
Fig. 11. Water temperatures (0–24 m) and soluble epilimnetic Mn,  Advancetown Lake, 2008–2012.
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The correlation between hypTw(t) and the soluble epilimnetic Mn,  calculated by the implemented algorithm, yielded
n R2 = 0.67. The correlation becomes higher when coupled with the peak concentration estimations of Fig. 10. This conﬁrms
he hypothesis that Mn  is brought upwards through water circulation when the thermal stratiﬁcation is extremely weak. No
elevant correlations were found between high Mn  concentrations and wind, indicating that the circulation process leading
o high soluble Mn  concentrations in the epilimnion is driven by thermal convection; this process can be simply described
hrough Eqs. (2) and (3).
.4. Extreme events
The extra samplings performed during the 2013 winter turnover over 2–3 days conﬁrmed the results of the one-
imensional model by recording relatively slow Mn mixing dynamics and demonstrating that a weekly sampling frequency
as appropriate; in fact, the 2013 turnover proved to be even slower than the previous ones. Fig. 12a shows three vertical
oluble Mn  proﬁles, taken at a three-week interval, over the main peak event. Despite displaying, in the top 24 m,  similar
oncentrations and behaviour to the 2011 event shown in Fig. 4, the collection of full water column data offers further
nsights into the Mn  dynamics during the lake turnover. For instance, it is evident that only the top 30 m were affected by
he mixing process; along with water temperature and DO proﬁles, this demonstrates that because of the increased reser-
oir volume and a warmer than usual winter, the lake did not mix  completely, retaining high soluble Mn  concentrations
t the bottom. Since the water below 30 m stayed anoxic, the soluble Mn  was  not oxidised and deposited on the bottom
ediments as usual. Although Fig. 9 demonstrates that, in the most recent years, soluble Mn  surface concentrations during
he turnover event appeared to be on a long-term decreasing trend, meromictic years such as 2013 (which also recorded
elatively low Mn  peak concentrations) could mean a further build-up of concentrations of Mn  in the hypolimnion that
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Table  2
Comparison of Mn  sol hypolimnion, Mn sol epilimnion and lake turnover predictors’ relevance, literature vs. real measurements.
Main predictors Mn  sol hypolimnion Relevance in predictiona
Literature Advancetown Lake dataset
Insoluble hypolimnetic manganese H Missing data
DO  H H
pH  H H
ORP  H H (but higher with Mn  insoluble)
FE  M M (but not anticipating)
NOx  M L
Inﬂow L M (but opposite from expected)
Rain  L M (but opposite from expected)
Main  predictors lake turnover Relevance in prediction
Literature Advancetown Lake dataset
Solar radiation H H
Wind  H L
Air  temperature H H
Rain  M H in summer
Inﬂow M H in summer
Outﬂow M L
Main  predictors Mn  sol epilimnion Relevance in prediction
Literature Advancetown Lake dataset
Lake turnover H H
Soluble hypolimnetic Mn  during turnover H L
DO  M L
Fe  M M
NOx  M M (but not every year)
pH  L L
a H = high (R2 > 0.6) M = medium (0.4< R2 < 0.6); L = low (R2 < 0.4).
eventually will be circulated upwards to the surface waters and instigate periods where there are extreme epilimnetic Mn
concentrations in instances when a complete turnover occurs again. These considerations found conﬁrmation during the
2014 winter circulation (Fig. 12b). Because of average winter temperatures, a full turnover occurred again; it was noticed
that, at the onset of the circulation, the total soluble Mn  concentration in the water column was 7.4 mg/L, while the total
initial concentration in 2013 was only 5.1 mg/L. The discrepancy of 2.3 mg/L represents the remaining amount of soluble Mn
recorded at the end of the 2013 partial circulation, which was not oxidised and redeposited as usual during a full turnover.
This higher than normal Mn  amount led to a peak in the epilimnion of 0.32 mg/L during the 2014 turnover, the highest since
2007 and much higher than over the previous 6 years, when a full circulation occurred. Since recent studies (Bertone et al.,
2014) proved that partial circulations (followed by full circulations) will more frequently occur in the future, the performed
sampling activities, conﬁrming much higher Mn  concentrations when a full turnover occurs following a partial one only, are
of interest for the water authority as they will have to deal with extra Mn-related treatment issues and costs (e.g., increased
use of potassium permanganate) in the long term. Existing treatment chemicals dosages prediction models (e.g., Bertone
et al., 2016) will have to take into account these climatic change −related behaviours.
4. Conclusions
In Table 2, the importance of variables affecting the Mn  cycle described in the literature is compared with the results
of this ﬁeld investigation. The Mn  cycle was conﬁrmed to be completely different between epilimnion and hypolimnion.
The soluble Mn  in the hypolimnion gradually increases during the stratiﬁcation season, where anoxic and acidic conditions,
along with low ORP, create ideal conditions for the release from the bottom sediments that proved to be the major Mn
source. The lack of insoluble Mn  in the hypolimnion for most of the stratiﬁcation season suggests that reduction from the
suspended sediments is limited. Rain and inﬂow, which were expected to be a source of Mn,  actually showed the opposite
effect, decreasing the Mn  load overall; this could be due to the intrusion of well-oxygenated waters, limiting Mn  production
and washing away the Mn  stored in the hypolimnion at that time. Further, the produced turbulence did not create enough
mixing power to bring Mn  into the epilimnion, from where Seqwater usually draws water for town water purposes.
Given that high DO, pH and ORP levels are maintained over time in the epilimnion during stratiﬁcation, high concentra-
tions (i.e., >0.02 mg/L) of soluble Mn  in the epilimnetic layer are typically reached only during destratiﬁcation of the dam,
during winter. A strong correlation between the temperature differential of the water column and the occurrence of the
epilimnetic Mn  peak was found. Moreover, a reliable prediction of the peak value can be obtained through the relationship
between soluble hypolimnetic Mn  and water column temperature at the onset of the circulation.
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Mn  samplings of the full water column during 2013 and 2014 circulation events showed how the partial-only destrati-
cation in 2013 led to much higher Mn  concentrations in the epilimnion during the 2014 full circulation, and thus further
hreats for the water treatment. Partial circulations could become more frequent in the future with expected increased air
emperatures due to global warming, thus very high Mn  loads in the epilimnion during full circulations might become the
orm.
This research study provides a comprehensive assessment of the Mn  cycle in a typical subtropical monomictic reservoir.
peciﬁcally, it was able to identify which chemical or physical variables affect Mn  concentrations in the water column, par-
icularly the critical epilimnion where water is drawn. The behaviour was  found to be remarkably different between surface
nd deep waters, with Mn  concentrations determined by biogeochemical reactions in the hypolimnion (main predictors:
O, pH and ORP) and transport processes in the epilimnion (main predictors: Mn  in the hypolimnion, water temperature
nd water column temperature differential). By critiquing these two  phenomena separately, it was  possible to link the Mn
ehaviours during two completely different seasons, namely, stratiﬁcation and circulation, and to detect the Mn  cycle pre-
ictors throughout the year and for different chemical − physical environments. Additionally, since a strong correlation
etween lagged air temperature and water temperature was found, there are opportunities to create a Mn  prediction model
y using air temperature forecasts to predict water temperature and in turn Mn  concentrations in the epilimnion, from
here the water is typically drawn. This model could assist Seqwater operators to achieve better planned Mn  treatment and
emoval.
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